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To elucidate the molecular mechanism for regulating the region-specific morphogenesis of the chicken respiratory tract, we
analyzed the spatiotemporal expression patterns of the Hoxb genes, Bmp-2, Bmp-4, Wnt-5a, and Wnt-11 in the developing
respiratory tract. We found region-specific expression of these genes in the mesenchymal layer of the respiratory tract.
Before bronchial branching proceeds, Hoxb genes show nested expression patterns around the ventral-distal tip of the lung
bud. As morphogenesis proceeds, these expression domains correspond to the morphological subdivisions of the chick
respiratory tract. Hoxb-5 and Hoxb-6 expression domains demarcate the trachea, bronchial tree, and air sacs. Particularly
the expression domains of Hoxb-6 to -9 correspond to the morphological subdivisions of the air sacs along the proximodistal
axis. Bmp-4 and Bmp-2 are expressed throughout the entire pulmonary mesenchyme and its dorsal half, respectively.
Wnt-5a and Wnt-11 are expressed in the tracheal mesenchyme. Interestingly, the expression domain of Bmp-2 is
complementary to the Hoxb-6 domain. The respiratory mesenchyme influences the process of epithelial branching during
orphogenesis. By tissue recombination experiments, we found that the dorsal and the ventral pulmonary mesenchyme,
emarcated by Hoxb-6 expression, have different inductive capacities toward the tracheal epithelium. These observations
suggest the possibility that Hoxb genes are involved in the system specifying regional differences in morphogenesis and
cytodifferentiation of respiratory tract. In addition, it is possible that BMPs and WNTs mediate region-specific epithelial–
mesenchymal interaction in this system. © 2000 Academic Press
Key Words: Hox; Bmp; Wnt; trachea; lung; bronchial tree; air sac; epithelial–mesenchymal interaction; chick.d
e
t
d
p
p
b
c
n
pINTRODUCTION
The respiratory tract, developed from the digestive tract
by evagination, performs essential functions required for
intake of air and gas exchange. The respiratory tract of birds
consists of the trachea and lung. During embryogenesis,
first the laryngotracheal groove extends ventral from the
pharyngeal floor, and then the anterior region of the groove
is separated from the esophagus to form the trachea, and the
posterior region of the groove bifurcates into the two main
bronchi to form the lung buds. In the next step, the tracheal
epithelial tube is supported by tracheal cartilage and the
main bronchi branches repetitively to form the bronchial
tree (Ten Have-Opbroek, 1991). In chick embryo, the lung is
divided into the two morphologically and physiologically
1 To whom correspondence should be addressed. Fax: 181 52 789
2995. E-mail: i45240a@nucc.cc.nagoya-u.ac.jp.
12istinct regions, the bronchial tree and the air sacs, that
ngage gas-exchange and air movement control, respec-
ively (Fig. 1; Fedde, 1986; Romanoff, 1960).
The regional morphogenesis of the respiratory epithelium
epends on the inductive action of either the tracheal or the
ulmonary mesenchyme (Wessells, 1970). For example, the
ulmonary mesenchyme induces the tracheal epithelium to
oth branch and differentiate into the alveolar epithelial
ell type (Alescio and Cassini, 1962; Shannon, 1994; Shan-
on et al., 1998). It was demonstrated that the secreted
roteins EGF, FGFs, SHH, BMP-4, and TGF-b3 promote
epithelial branching in vivo (Kaartinen et al., 1995; Mietti-
nen et al., 1995; reviewed by Hogan, 1999; Metzger and
Krasnow, 1999). In recent years, the mechanism underlying
the restricted expression of these genes and of the region-
alization in respiratory tract has begun to be evaluated. The
homeobox gene TTF-1 (Nkx-2.1) exhibits pulmonary
epithelium-specific expression and is implicated in control-
0012-1606/00 $35.00
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13Hox, Bmp, and Wnt in Developing Respiratory Tractling tissue-specific morphogenesis and cell differentiation
by regulating transcription of its target genes (Minoo et al.,
1999). Gli family zinc-finger transcription factors are ex-
pressed in the pulmonary mesenchyme and Gli2/Gli3
double-knockout mice exhibited abnormal development in
the trachea and the lung (Motoyama et al., 1998). Thus,
transcription factors play a crucial role in regional morpho-
genesis and tissue-specific differentiation by transcriptional
regulation of their targets in the respiratory tract (reviewed
by Cardoso, 1995).
Hox genes are clustered on four chromosomes and exhibit
a correlation between the physical order of genes along the
chromosome and their expression/function along the an-
teroposterior axis (reviewed by Krumlauf, 1994). Some
loss-of-function and gain-of-function mutations in Hox
genes cause one morphological unit to replace another
(homeotic transformation) in the axial skeleton (Horan et
al., 1995), limb bud (Yokouchi et al., 1995a), and hindbrain
(Zhang et al., 1994). Recent studies show that Hox genes
also play a crucial role in regional morphogenesis in the
visceral organs. During gut morphogenesis, expression of
Hox genes preceded and then overlapped with the areas
where different features develop (Roberts et al., 1995; Yok-
ouchi et al., 1995b; Pitera et al., 1999). Loss- and gain-of-
function analyses indicate that Hoxd-13 controls regional
morphogenesis in the hindgut (Kondo et al., 1996; Roberts
et al., 1998; Zakany and Duboule, 1999). In the respiratory
tract, Hoxa-3 mutant mice show abnormal development in
the trachea (Chisaka and Capecchi, 1991; Manley and
Capecchi, 1995), and Hoxa-5 mutant mice show abnormal
development in the trachea and the lung (Aubin et al.,
1997). Thus, Hox genes are expected to be expressed in
restricted domains and regulate the regional morphogenesis
in the respiratory tract (reviewed by Cardoso, 1995).
The Bmp and Wnt genes, which encode secreted proteins,
play important roles in organogenesis, including the
epithelial–mesenchymal interaction in vertebrates (re-
viewed by Hogan, 1996; Moon et al., 1997). During Dro-
sophila midgut development, decapentaplegic (dpp) and
wingless (wg), which are Drosophila homologs of the Bmp
and Wnt genes, are regulated at the level of transcription by
the homeotic genes in the visceral mesoderm, and the DPP
and WG proteins regulate expression of the homeotic gene
labial in the endoderm (reviewed by Bienz, 1997). It was
indicated that the molecular mechanisms active in Dro-
sophila can also be applied to vertebrates (reviewed by
Hogan and Yingling, 1998; Metzger and Krasnow, 1999).
Thus, it is possible that BMP and WNT mediate between
mesoderm and endoderm and that Bmp and Wnt genes are
targets of Hox proteins.
We analyzed the expression patterns of Hoxb-5 to -9,
Bmp-2, Bmp-4, Wnt-5a, and Wnt-11 in chick respiratory
tract development. These expression domains correlated
with morphological subdivisions in the respiratory tract. In
addition, we tested the inductive actions of each part of the
Copyright © 2000 by Academic Press. All rightrespiratory mesenchyme demarcated by expression of these
genes.
MATERIALS AND METHODS
Embryos
Chick embryos were obtained by incubation of fertilized White
Leghorn eggs and were staged according to Hamburger and Hamil-
ton (1951).
Probes
The probes for Hoxb-5, Hoxb-7, Bmp-2, Bmp-4, Wnt-5a, and
nt-11 were prepared from chicken cDNA clones (A. Kuroiwa,
npublished data). The probes for Hoxb-6, -8, and -9 were prepared
rom chicken genomic clones (A. Kuroiwa, unpublished data). The
NA probes were labeled with digoxigenin according to the manu-
acturer’s protocol (Boehringer).
Whole-Mount in Situ Hybridization
Whole-mount in situ hybridization was performed as in Wilkin-
son (1992) with the following modifications. Prehybridization was
carried out for 3 h to overnight. Prior to the reaction with
AP-anti-DIG antibody, embryos were treated with 10% FCS in
TBST (140 mM NaCl, 2.7 mM KCl, 25 mM Tris–HCl, pH 7.5, 0.1%
Tween 20) for 3 h. For preabsorption of the AP-anti-DIG antibody,
chicken embryonic acetone powder was rehydrated in TBST for 30
min at 70°C, then the suspension was vigorously mixed for 10 min
prior to cooling on ice. After color development, embryos were
fixed with 4% paraformaldehyde/PBS for 2–4 h, washed with PBS,
and stored at 4°C. Mesenchymal expression was confirmed by
making sections of the whole-mount specimens.
Tissue Separation, Recombination, and Culture
A schematic representation of the basic experimental design is
shown in Figs. 6A and 8A. Embryos at stage 27 were prepared by
incubation for 5 days for chick, or 4.5 days for quail, at 38.5°C.
After incubation, embryos were dissected and transferred into
Tyrode’s solution, then the lungs and the trachea were dissected.
Tissues were treated with 0.03% collagenase (Sigma) in Tyrode’s
solution for 45 min at 37°C and washed twice in horse serum:
Tyrode’s solution (1:1). The loosely adherent epithelium and mes-
enchyme were separated using forceps and a tungsten needle. Lung
mesenchyme was divided into dorsal and ventral parts. The tra-
cheal epithelium and the dorsal or the ventral pulmonary mesen-
chyme were recombined in Wolff and Haffen’s semisolid medium
(Wolff and Haffen, 1952) and incubated for 3–5 h at 37°C in 5%
CO2. The semisolid medium consisted of a mixture (vol/vol/vol) of
parts 1% agar in Gey’s saline, 3 parts Tyrode’s solution, and 3
arts horse serum. The recombinants were then transplanted into
he coelomic cavity of 3- to 3.5-day chick embryos and incubated
or 5–11 days.
Histology
After incubation, the tissues were fixed in 4%
paraformaldehyde/PBS or Bouin solution and embedded in paraffin.
Sections were stained with hematoxylin–eosin.
s of reproduction in any form reserved.
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14 Sakiyama, Yokouchi, and KuroiwaImmunohistochemistry
The recombined tissues were fixed in 1% paraformaldehyde/PBS
for 2 h at 4°C and immersed in 30% sucrose/PBS followed by
embedding in OCT compound (Miles) and freezing. Alternate
7.5-mm sections were placed onto two sets of Vectabond-coated
slides (Vector Laboratories, Inc.) for immunostaining and
hematoxylin–eosin staining.
For immunohistochemistry, sections were washed with PBS,
bleached in 5% H2O2 in PBS, blocked in 2% skimmed milk in PBS
(PBSM), and incubated with chick-specific monoclonal antibody
(A223) diluted 1:150 in PBSM at 4°C overnight. Sections were
washed four times with PBS, blocked in PBSM, and incubated with
secondary antibodies (HRP-conjugated goat anti-mouse IgG;
Zymed) diluted 1:150 in PBSM at room temperature for 2 h. After
four washes with PBS, sections were incubated in the detection
solution (0.3 mg/ml of diaminobenzidine, 0.5% NiCl2 in PBS) for
0 min. Subsequently, 3% H2O2 solution was added to a final
concentration of 0.003%. After color development, sections were
washed, dehydrated, and mounted in Enteran (Merck).
RESULTS
Expression Patterns of Hox, Bmp, and Wnt Genes
in the Developing Respiratory Tract
The development of the respiratory tract proceeds
through three stages: the formation of the respiratory rudi-
FIG. 1. Development of the chick lung. (A) Drawing of the lung
f the developing lung at day 5 (B), day 6 (C), and day 8 (D). (E) Diments (between 2 and 4 days of incubation; Fig. 1A), the
bronchial branching (5-day embryos; Fig. 1B), and the for-
t
w
Copyright © 2000 by Academic Press. All rightation of the air sacs (6-day embryos; Figs. 1C and 1D). To
lucidate the possible roles of Hox, Bmp, and Wnt genes, we
xamined the expression of Hoxb-5 to -9, Bmp-2, Bmp-4,
nt-5a, and Wnt-11 at each stage of chick respiratory tract
evelopment.
Hoxb genes. The expression of Hoxb-5 to -8 was essen-
ially restricted to the pulmonary mesenchyme of the
espiratory tract throughout the stages observed. At day 4 of
ncubation, before commencement of bronchial branching,
oxb-5 was expressed in the entire rudiment (Fig. 2A),
hereas Hoxb-6 was expressed in the ventral half of the
udiment (Fig. 2B). Hoxb-7 and Hox-8 were expressed in the
ore ventral-distal region of the rudiment (Figs. 2C and
D). Thus, the expression domains of Hoxb-5, -6, -7, and -8
n the pulmonary mesenchyme showed the nested pattern
ith the more 59-located gene on the cluster showing the
ore ventral-distal restricted expression domain.
At day 5–6 of incubation, the main bronchi initiated
ranching to form the secondary bronchi. At this stage, the
econdary bronchi did not invaginate into the area where
oxb-6, -7, and -8 were expressed (Figs. 2F–2H and 2J–2L).
he cervical air sac, which is present in the dorsal region,
rises from the distal tip of the entobronchus 1 (Romanoff,
960). Interestingly, expression of Hoxb-6 appeared in the
esenchymal layer surrounding the distal tip of the ento-
ronchus 1 at day 6 of incubation (Fig. 2J; arrowhead). Thus,
and surrounding organs after 3.5 days of incubation. Lateral view
of anatomy of air capillaries of adult.he Hoxb-6 domain seems to correspond to the region
here the air sacs develop.
s of reproduction in any form reserved.
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15Hox, Bmp, and Wnt in Developing Respiratory TractAt day 8 of incubation, the air sacs can be recognized by
their unique morphology. At this stage, the expression
domains of Hoxb-6 to -8 corresponded to the morphological
ubdivisions of the air sacs along the proximodistal axis
Figs. 2M–2P). Hoxb-6 was expressed in all air sacs (Fig. 2M);
FIG. 2. Expression of the Hoxb genes in the developing chick resp
C, G, K, N), Hoxb-8 (D, H, L, O), and Hoxb-9 (P) was visualized b
day 4 of incubation (St. 24). (E–H) Lateral view of the lung at day
removed (A–H). Hoxb-5 was expressed in the entire lung (A and E)
of the ventral region, but this is due to the nonexpressing endoderm
half of the lung (B and F). Hoxb-7 and Hoxb-8 were expressed in th
ateral views of the lung at day 6 of incubation (St. 29). Note th
ntobronchus 1 (arrowhead in J). (M–P) Lateral view of the lung at d
–5). Hoxb-7 and Hoxb-8 were expressed in the cranial thoracic (3),
as expressed in the abdominal air sac (5) (P). Abbreviations: 1, ce
horacic air sac; 5, abdominal air sac. Broad line, extended line ofoxb-7 and Hoxb-8 were expressed in the cranial thoracic,
he caudal thoracic, and the abdominal air sacs (Figs. 2N
(
s
Copyright © 2000 by Academic Press. All rightnd 2O). Hoxb-9, whose expression was first detected at
his stage, was expressed in the mesenchyme of the abdomi-
al air sac (Fig. 2P).
In summary, Hoxb-5, -6, -7, and -8 showed the nested
xpression pattern before bronchial branching took place
ry tract. Expression of Hoxb-5 (A, E, I), Hoxb-6 (B, F, J, M), Hoxb-7
ole-mount in situ hybridization. (A–D) Lateral view of the lung at
incubation (St. 27). Nonrespiratory tissues were photographically
signals of the dorsal region of the lung appear weaker than those
empty space in the bronchus. Hoxb-6 was expressed in the ventral
re ventral-distal region of the lung (C, D, G, H). (I) Dorsal and (J–L)
xb-6 was expressed in the mesenchyme around the distal tip of
of incubation (St. 34). Hoxb-6 was expressed in all the air sacs (M,
audal thoracic (4), and the abdominal air sacs (5) (N and O). Hoxb-9
l air sac; 2, clavicular air sac; 3, cranial thoracic air sac; 4, caudal
ain bronchus.irato
y wh
5 of
. The
and
e mo
at Ho
ay 8
the cFig. 5A; left). As morphogenesis proceeded, these expres-
ion domains corresponded to the morphological subdivi-
s of reproduction in any form reserved.
16 Sakiyama, Yokouchi, and KuroiwaFIG. 3. Expression of Bmp-2 and Bmp-4 in the developing chick respiratory tract. Bmp-4 (A, C, E, H, K) and Bmp-2 (B, D, F, G, I, J, L)
expression was visualized by whole-mount in situ hybridization. (A, B) Lateral view of the respiratory tract at day 3 of incubation. Bmp-4
was expressed in the mesoderm of the laryngotracheal groove (lt) and the lung (lu) (A). No expression of Bmp-2 was detected (B). (C) Frontal
and (D) lateral view of the respiratory tract at day 4 of incubation. Note that expression of Bmp-2 was observed in the mesenchymal layer
surrounding the distal tip of the main bronchus (mb) and in the mesenchymal layer surrounding region which would give rise to
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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17Hox, Bmp, and Wnt in Developing Respiratory Tractsions of the lung: the bronchial tree and the air sacs. In
addition, Hoxb-9 was expressed in the mesenchyme of the
abdominal air sac present in the most distal region at day 8
of incubation (Fig. 5A; right).
Bmp-2 and Bmp-4. At day 3 of incubation, Bmp-4 was
expressed in the mesoderm of the laryngotracheal groove
and in the mesoderm adjacent to the endoderm of the main
bronchus (Fig. 3A). At day 4 of incubation, the expression of
Bmp-4 in the tracheal mesenchyme disappeared and strong
expression of Bmp-4 was observed in the mesenchyme of
the entire lung (Fig. 3C). After 5 days of incubation, the
strong expression of Bmp-4 became restricted to the mes-
enchyme adjacent to the main bronchus (Figs. 3E, 3H, and
3K).
Before day 3 of incubation, no expression of Bmp-2 was
bserved in the respiratory tract (Fig. 3B). At day 4 of
ncubation, the expression of Bmp-2 was first detected in
he mesenchymal layer surrounding the distal tip of the
ain bronchus and in the mesenchymal layer surrounding
he region of the presumptive entobronchus 1 (Fig. 3D). At
ay 5–6 of incubation, the expression domain of Bmp-2
pread throughout the mesenchyme of the dorsal half of the
ung (Figs. 3F, 3G, 3I, and 3J). This Bmp-2 expression
omain was complementary to the Hoxb-6 expression do-
main (compare Figs. 3F and 3I with Figs. 2F and Fig. 2J). At
day 8 of incubation when the air sacs appeared, the expres-
sion domain of Bmp-2 was restricted to the mesenchyme of
the bronchial tree (Fig. 3L).
Wnt-5a and Wnt-11. Wnt-5a and Wnt-11 were ex-
pressed in the mesenchyme of the trachea. At 3 days of
incubation, the tracheal rudiment was recognized as the
laryngotracheal groove extending from the pharyngeal floor.
At this stage, Wnt-5a and Wnt-11 were expressed in the
mesodermal layer surrounding the laryngotracheal groove,
but not in the lung bud (Figs. 4A and 4B). At day 4 of
incubation, the laryngotracheal groove was separated from
the esophagus to form the trachea. At this stage, Wnt-5a
and Wnt-11 were expressed strongly in the mesenchyme in
the trachea (Figs. 4C and 4D). The posterior boundaries of
the tracheal expression domains of those genes were located
posterior to the bifurcation point of the main bronchus, and
these domains were complementary to the Bmp-4 expres-
sion domain (compare Figs. 4C and 4D with Fig. 3C). In
addition, Wnt-11 was expressed in the mesenchyme adja-
cent to the main bronchus (Fig. 4D). After day 5 of incuba-
entobronchus 1 (arrowhead in D). (E, F) Lateral and (G) dorsal view
the lung at day 6 of incubation. The expression domain of Bmp-2 s
ateral view of the lung at day 8 of incubation. Bmp-2 was expres
xpression was identified by making sections of the whole-mount
t, laryngotracheal groove; lu, lung; m, mesenchyme; mb, main br
IG. 4. Expression of Wnt-5a and Wnt-11 in the developing chick
as visualized by whole-mount in situ hybridization. (A, B) Lateralf the respiratory tract at day 4 of incubation. (E, F) Lateral views of the
espiratory tract at day 6 of incubation. Abbreviations: es, esophagus; lt
Copyright © 2000 by Academic Press. All righttion, the levels of Wnt-5a and Wnt-11 expression in tracheal
and pulmonary mesenchyme gradually became weak (Figs.
4E–4H).
Dorsoventral Specificity of the Chick Pulmonary
Mesenchyme
The spatial and temporal expression profile of Hoxb-6
suggested the possibility of regional differences between the
dorsal and the ventral pulmonary mesenchyme prior to
bronchial branching (summarized in Fig. 5A). A previous
study demonstrated that the mesenchymal layers of the
trachea and the lung have different inductive capabilities
(Wessells, 1970). This raises the question of whether the
difference between the bronchial tree and the air sacs also
depends on differences in inductive capacity between the
dorsal and the ventral pulmonary mesenchyme, i.e., differ-
ences between the Hoxb-6-expressing pulmonary mesen-
chyme and the Hoxb-6-nonexpressing pulmonary mesen-
chyme. To analyze the inductive capacity of the dorsal and
the ventral pulmonary mesenchyme, we recombined the
tracheal epithelium with either the dorsal or the ventral
pulmonary mesenchyme (Figs. 6A and 8A) and analyzed the
morphology of each recombinant.
The dorsal pulmonary mesenchyme induced bronchial
tree-like morphogenesis. The recombinants of the dorsal
pulmonary mesenchyme and the tracheal epithelium
showed formation of branches from the tracheal epithelial
tube in 76% (22/29) of the cases or epithelial buds in 21%
(6/29) of the cases (Table 1).
By day 5 of culture, branches had formed and elongated
(Fig. 6B; Table 2), and at day 6–8 of culture the distal
regions of the branches bifurcated (Fig. 6C; Table 2). In the
sections of the recombinants after 7 days in culture, we
observed that the stem tube was composed of the stratified
epithelium surrounded by the smooth muscle layer (Fig.
7A) and that the branches were composed of cuboidal cells
surrounded by the arranged parenchyma and blood vessels
(Fig. 7B). In the chick lung at day 10 of incubation, the
secondary bronchus was composed of the stratified epithe-
lium surrounded by the smooth muscle layer (Fig. 7E) and
the parabronchi were composed of cuboidal cells sur-
rounded by the arranged parenchyma and blood vessels (Fig.
7F). The recombinants were compared with the chick
normal developing lung and the branches arising from the
he lung at day 5 of incubation. (H, I) Lateral and (J) dorsal view of
throughout the mesenchyme of the dorsal half of the lung. (K, L)
n the bronchial tree but not in the air sacs (as) (L). Mesenchymal
mens (results not shown). Abbreviations: as, air sac; e, endoderm;
us; tr, trachea.
ratory tract. Wnt-5a (A, C, E, G) and Wnt-11 (B, D, F, H) expression
s of the respiratory tract at day 3 of incubation. (C, D) Frontal viewsof t
pread
sed i
speci
onch
respi
viewrespiratory tract at day 5 of incubation. (G, H) Lateral views of the
, laryngotracheal groove; lu, lung; mb, main bronchus; tr, trachea.
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18 Sakiyama, Yokouchi, and Kuroiwatracheal epithelium corresponded to the parabronchi (com-
FIG. 5. Summary of expression domains of Hoxb genes, Bmp-2, B
Summary of the expression domains of the Hoxb genes in the dev
Hoxb-5, -6, -7, and -8 showed a nested pattern with the more 59-l
domain (left). At day 8 of incubation, the expression domains o
bronchial tree and the air sacs (right). The bronchial tree expressed
Hoxb-6, the cranial thoracic and the caudal thoracic air sacs expres
ummary of the expression domains of Hoxb-5, Hoxb-6, Bmp-2
respiratory tract. Hoxb-5 and Hoxb-6 were expressed in the entire
Bmp-2 and Bmp-4 were expressed in the dorsal half of the lung in th
Hoxb-6 and Bmp-2 showed nonoverlapping expression domains. Wn
expressed in the mesenchymal layer surrounding the main bronchpare Fig. 6C with 6E; compare Fig. 7A with 7E; compare Fig.
7B with 7F). At day 9–11 of culture, the minute branches
S
i
Copyright © 2000 by Academic Press. All rightrojected from parabronchi (Figs. 6D, 7C, and 7D; Table 2).
, Wnt-5a, and Wnt-11 in the developing chick respiratory tract. (A)
ng chick lung. At day 4 of incubation, the expression domains of
d genes on the cluster showing the more ventral-distal restricted
se genes corresponded to the morphological subdivisions of the
b-5, the cervical and the clavicular air sacs expressed Hoxb-5 and
oxb-5 to -8, and the abdominal air sac expressed Hoxb-5 to -9. (B)
p-4, Wnt-5a, and Wnt-11 in the mesenchyme of the developing
the ventral half of the lung in the so-called air sacs, respectively.
called bronchial tree and in the entire lung, respectively. Note that
and Wnt-11 were expressed in the trachea. In addition, Wnt-11 wasmp-4
elopi
ocate
f the
Hox
sed H
, Bm
andimilarly, the air capillaries projected from the parabronchi
n the chick lung at day 14 of incubation (Figs. 7G and 7H).
s of reproduction in any form reserved.
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19Hox, Bmp, and Wnt in Developing Respiratory TractTaken together, these observations indicate that the recom-
binants of the dorsal pulmonary mesenchyme and the
tracheal epithelium underwent branching morphogenesis
to form the bronchial tree, which was composed of the
FIG. 6. Induction of bronchial tree-like structure by recombining
Schematic representation of the experimental design. Morphology o
mesenchyme cultured for 5 days (B), 7 days (C), and 11 days (D). N
of culture, the distal region of the branches bifurcated similar to the
11 of culture, the branches were surrounded by a meshwork of bloparabronchi and the air capillaries.
The epithelium underlain by the dorsal pulmonary mes-
(
t
Copyright © 2000 by Academic Press. All rightnchyme underwent branching (Fig. 7I; bronchial tree). In
ontrast, the epithelium underlain by the tracheal mesen-
hyme remained as a simple tube and the mesenchyme
ifferentiated into cartilage surrounding the epithelial tube-
dorsal pulmonary mesenchyme with the tracheal epithelium. (A)
recombinants of the tracheal epithelium and the dorsal pulmonary
l developing lung at days 10 (E) and 14 (F) of incubation. At day 7
bronchi of the normal developing lung (compare C with E). At day
essels.the
f the
ormaFig. 7I; trachea). To exclude the possibility of contamina-
ion by the pulmonary epithelium, we prepared chick–quail
s of reproduction in any form reserved.
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20 Sakiyama, Yokouchi, and Kuroiwachimera recombinants (dorsal pulmonary mesenchyme
from chick and tracheal epithelium from quail) and stained
these recombinants with the chick-specific monoclonal
antibody A223. The mesenchyme was stained by A223, but
the epithelium was not (Figs. 7J and 7K). Thus, immuno-
staining revealed that the epithelium composing the bron-
chial tree was derived from the quail tracheal epithelium.
Therefore, we conclude that the dorsal pulmonary mesen-
chyme induced the tracheal epithelium to form bronchial
tree which was identical to that in normal development.
The ventral pulmonary mesenchyme induced air sac-
like morphogenesis. The recombinants of the ventral pul-
monary epithelium and the tracheal epithelium showed an
air sac-like structure in 78% (18/23) of the cases (compare
Figs. 8B–8F with 8G and 8H). These recombinants were
classified into three types by their morphology (Table 3);
tissues expanding uniformly like a balloon (n 5 4; Fig. 8B),
tissues with constriction at the intermediate region (n 5
12; Figs. 8C and 8D), and tissues containing both air sacs
and bronchial tree (n 5 2; Fig. 8E). In some tissues, the
ronchial tubules arose from the air sac-like like structure
n 5 5; Figs. 8D and 8F, rb). The branching pattern and the
arrow lumina of these tubules were similar to those of the
ecurrent bronchi which arose from the air sacs. Sections of
ecombinants showed that the air sac-like structures were
omposed of simple or stratified epithelium and the under-
ying smooth muscle layer (Figs. 9A–9D and 9I). The air sac
TABLE 1
Induction by the Dorsal Pulmonary Mesenchyme
Morphology Number of tissues Percentage
ranching 22 76
udding 6 21
o branching 1 3
Total 29 100
Note. Tissues in which the length of the epithelial bud was
shorter than the diameter were classified as budding.f the normal developing chick lung is composed of simple
r stratified epithelium and the underlying smooth muscle
of contamination by pulmonary mesenchyme was excluded. Abbreviatio
v, blood vessel.
Copyright © 2000 by Academic Press. All rightayer and loose parenchyma (Figs. 9E–9G). Thus, the air
ac-like structures in the recombinants were also histologi-
ally equivalent to the normal developing chick air sacs
compare Figs. 9A–9D with 9E–9G).
To confirm the influence of the ventral pulmonary mes-
nchyme on epithelial morphogenesis, we prepared chick–
uail chimera recombinants in which the quail tracheal
esenchyme was partially replaced by the chick ventral
ulmonary mesenchyme. These recombinants were then
mmunostained with A223. The tracheal mesenchyme,
hich was not stained by A223, was differentiated into the
artilage, and the epithelium adjacent to the tracheal mes-
nchyme was composed of stratified epithelium (Figs. 9H
nd 9I). On the other hand, the ventral pulmonary mesen-
hyme, which was stained by A223, was differentiated into
mooth muscle and loose parenchyma (Figs. 9H and 9I), and
he epithelium adjacent to the ventral pulmonary mesen-
hyme was differentiated into simple epithelium like that
f the distal region of the air sac (Figs. 9H and 9I; compared
igs. 9H and 9I with 9E and 9G). Therefore, we concluded
hat the ventral pulmonary mesenchyme induced air sac
ormation.
DISCUSSION
The Regional Morphogenesis of the Respiratory
Tract Correlated with the Subdivisions of Hoxb
Expression Domain
In this study, we found the coordinated expression of the
Hoxb genes in the respiratory mesenchyme during chick
TABLE 2
Progress of Bronchial Tree Formation in the Recombinants
Days of culture
Type A
(Fig. 6B)
Type B
(Fig. 6C)
Type C
(Fig. 6D)
;5 days 2 0 0
6–8 days 5 10 0
9–11days 1 0 4
and the dorsal pulmonary mesenchyme. (A–D) Photomicrographs
rsal pulmonary mesenchyme cultured for 7 days (A, B) and 11 days
onchi. The induced parabronchi were surrounded by blood vessels
al section of the induced parabronchi. Note that the air capillaries
ing bronchial tree at days 10 (E, F) and 14 (G, H) of incubation. (E)
s section of the parabronchi. (H) Sagittal section of the parabronchi.
). (I) The tracheal epithelium recombined partially with the dorsal
orsal pulmonary mesenchyme only. The tracheal mesenchyme
e tracheal epithelium was prepared from quail embryos and the
himeras immunostained with chick-specific monoclonal antibody
ial cells were not stained by A223 antibody. Thus, the possibilityFIG. 7. Histological analysis of recombinants of the tracheal epithelium
of the sections from recombinants of the tracheal epithelium and the do
(C, D). (A) Section of the stem region. (B) Section of the induced parabr
(arrowhead in B). (C) Cross section of the induced parabronchi. (D) Sagitt
projected radically from the induced parabronchi. (E–H) Normal develop
Section of the secondary bronchi. (F) Section of the parabronchi. (G) Cros
Note that the air capillaries projected radically from the parabronchi (pb
pulmonary mesenchyme. The bronchial tree was induced by the d
differentiated into cartilage (c). (J, K) Chick–quail chimera analysis. Th
dorsal pulmonary mesenchyme was prepared from chick embryos. (J) C
A223. (K) Eosin–hematoxylin-stained section adjacent to J. The epithelns: c, cartilage; e, epithelium; pb, parabronchi; sm, smooth muscle;
s of reproduction in any form reserved.
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22 Sakiyama, Yokouchi, and KuroiwaFIG. 8. Induction of the air sac structure by recombination of the ventral pulmonary mesenchyme with the tracheal epithelium. (A)
Schematic representation of the experimental design. (B, C, D, E, F) Recombinants of the tracheal epithelium and the ventral pulmonary
mesenchyme cultured for 7 days. (B) The tissue expanded uniformly like a balloon. (C and D) The tissue with constriction in intermediate
regions. (E) Tissue containing both the air sacs and the bronchial tree. These tubules were identical to the recurrent bronchi (rb in D and
F). (G, H) Normal developing air sac at day 9 of incubation. (G) The cranial thoracic air sac. (H) The caudal thoracic (right) and the abdominal
air sac (left). Abbreviations: as, air sac; bt, bronchial tree; rb, recurrent bronchi.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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23Hox, Bmp, and Wnt in Developing Respiratory Tractrespiratory tract development (summarized in Fig. 5A). At
day 4 of incubation prior to bronchial branching, the ex-
pression domains of Hoxb-5, -6, -7, and -8 showed a nested
attern with the more 59-located genes on the cluster
howing the more ventral-distal restricted expression do-
ain. Expression analysis at later stages revealed that the
xpression domains of these genes correspond to the mor-
hological subdivisions of the bronchial tree and the air
acs (Fig. 5A).
Several lines of evidence indicate that Hox genes play
rucial roles in the development of the visceral organs.
areful expression analyses of the Abd-B-related Hox genes
revealed that the expression domains of these genes corre-
spond to the morphological subdivisions in the chick hind-
gut (Roberts et al., 1995; Yokouchi et al., 1995b), and
ectopic expression of Hoxd-13 in the midgut mesenchyme
resulted in a cloaca-like morphogenesis and cytodifferentia-
tion in the midgut epithelium (Roberts et al., 1998). Fur-
thermore, Hoxa-3 knockout mice exhibit a DiGeorge phe-
notype and morphological abnormalities in the trachea
(Chisaka and Capecchi, 1991; Manley and Capecchi, 1995),
and Hoxa-5 knockout mice exhibit morphological abnor-
malities in the trachea and the lung (Aubin et al., 1997). In
addition, mice homozygous for Hoxd-12 or Hoxd-13 loss-
of-function mutations exhibit abnormalities in smooth
muscle layers of the rectum (Kondo et al., 1996). These
observations suggested that Hox genes are involved in the
regulation of region-specific morphogenesis and cytodiffer-
entiation in the visceral organs.
In this study, we found that the expression domains of
Hoxb-5 and Hoxb-6 in the mesenchyme demarcated the
trachea, the bronchial tree, and the air sacs prior to cytod-
ifferentiation, which is specific for each region. The tra-
cheal mesenchyme differentiates into the tracheal cartilage
surrounding the epithelial tube, the mesenchyme of the
bronchial tree differentiates into the parenchyma and the
blood vessels arranged in columns around the parabronchi,
and the mesenchyme of the air sac differentiates into the
smooth muscle and the loose parenchyma surrounding the
epithelium (Romanoff, 1960). The disruption mice of
Hoxa-5, whose expression is restricted to the pulmonary
TABLE 3
Induction by the Ventral Pulmonary Mesenchyme
Morphology Number of tissues Percentage
Expanding uniformly like
a balloon
4 17
Constricting intermediate 12 52
Bronchial tree and air sac 2 9
Budding 1 4
Nothing 4 17
otal 23 100mesenchyme, exhibit a disorganization of the pulmonary
mesenchyme and diminution in expression levels of surfac-
e
(
Copyright © 2000 by Academic Press. All righttant proteins in the pulmonary epithelium (Aubin et al.,
1997). Therefore, it is possible that the Hoxb genes regulate
region-specific cytodifferentiation in the respiratory mesen-
chyme and that Hoxb genes also regulate region-specific
cytodifferentiation in the respiratory epithelium through
the epithelial–mesenchymal interactions. This will be dis-
cussed in the next section.
In addition, we observed that the air sacs develop in the
proximal–distal direction correlating with the nested ex-
pression pattern of Hoxb-6 to -9. A similar correlation was
observed during the midgut development of Drosophila. In
the Drosophila midgut, the homeotic genes exhibit discrete
expression domains, and then the midgut constricts at the
expression boundaries of these genes. Genetic studies dem-
onstrated that this constriction requires regional growth
morphogenesis regulated by the homeotic genes (reviewed
by Bienz, 1997). Similarly, Hoxb-6 to -9 may regulate
regional growth morphogenesis to form the air sacs at
appropriate positions.
Dorsoventral Specificity of the Pulmonary
Mesenchyme
Our expression analysis showed that Hoxb-6 expression
ivided the pulmonary mesenchyme into the dorsal and the
entral regions at day 4 of incubation prior to bronchial
ranching (Fig. 2B). This expression was already observed at
ay 2.5 of incubation (St. 17), slightly after the appearance
f the lung rudiment (data not shown). At day 8 of incuba-
ion, Hoxb-6 expression clearly demarcated the mesen-
hyme of the bronchial tree and the air sac (Fig. 2M). These
esults indicated that the mesenchyme of the bronchial tree
nd the air sac were already divided at the molecular level
efore bronchial branching took place.
We found differences in inductive capacity between the
orsal and the ventral pulmonary mesenchyme slightly
fter the appearance of the secondary bronchus. The dorsal
ulmonary mesenchyme induced the tracheal epithelium
o form the bronchial tree (Figs. 6 and 7), and the ventral
ulmonary mesenchyme induced the tracheal epithelium
o form the air sac (Figs. 8 and 9). Both induced bronchial
rees and air sacs were morphologically and histologically
dentical to those in normal development. These results
ndicated that the specific structures of the bronchial tree
nd the air sacs are formed due to the different inductive
apacities between the dorsal and the ventral pulmonary
esenchyme.
The epithelial cells undergo different cytodifferentiation
etween the bronchial tree and the air sac (Fedde, 1986).
uring mammalian lung development, the pulmonary mes-
nchyme as well as the secreted proteins produced by the
ulmonary mesenchyme induce both airway branching and
xpression of surfactant protein C, which is a marker of
lveolar typeII cells in the terminal air sac (Shannon, 1994;
hannon et al., 1998, 1999). As the chick pulmonary mes-
nchyme induces branching of the mouse lung epithelium
Hilfer et al., 1985; Taderera, 1967), the basic mechanism of
s of reproduction in any form reserved.
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25Hox, Bmp, and Wnt in Developing Respiratory Tractthe lung development may be common between birds and
mammals. In addition, the chick pulmonary mesenchyme
may also induce morphogenesis and cytodifferentiation of
the particular epithelial cell types (Hilfer et al., 1985). In the
hick lung, the epithelial cells that mediate gas exchange
re in the air capillaries (Fedde, 1986). Our tissue recombi-
ation experiments demonstrated that the parabronchi and
ir capillaries were selectively induced by the dorsal pul-
onary mesenchyme. Therefore, the differences in induc-
ive action between the dorsal and the ventral pulmonary
esenchyme may generate differences in epithelial cytod-
fferentiation between the bronchial tree and the air sac,
uch as that related to gas exchange.
Taken together, our results indicate that the specific
orphogenesis and cytodifferentiation of the epithelium
etween the bronchial tree and the air sacs are induced
pecifically by the dorsal and the ventral pulmonary mes-
nchyme, respectively, i.e., between the Hoxb-6-
onexpressing and the Hoxb-6-expressing pulmonary mes-
nchyme. This raises the question of whether Hoxb-6 is
elated to this inductive specificity. Loss of Hoxa-5 func-
ion in the pulmonary mesenchyme results in abnormal
ranching morphogenesis and in a decrease in expression of
he surfactant-associated proteins (Aubin et al., 1997). Re-
ent studies demonstrates that Hoxa-5 regulates expression
f TTF-1, which then controls the Bmp-4 expression in the
mouse lung development (Aubin et al., 1997; Minoo et al.,
1999). Interestingly, our results showed that the expression
domain of Bmp-2 was restricted to the dorsal pulmonary
mesenchyme, which was complementary to the Hoxb-6
expression domain. Thus, it is likely that the mechanism
determining dorsoventral mesenchymal identity of the lung
is related to Hoxb gene regulation or Hoxb gene function.
Expression of Bmp-2 and Bmp-4 in the Pulmonary
Mesenchyme
We found that Bmp-2 and Bmp-4 exhibited discrete
xpression domains in the chick pulmonary mesenchyme
Fig. 3). Bmp-2 was expressed in the dorsal pulmonary
esenchyme, the so-called bronchial tree mesenchyme,
hile Bmp-4 was expressed in the entire pulmonary mes-
nchyme. These expression patterns were detected before
ronchial branching occurred. The gain- and loss-of-
unction analysis of BMP-4 revealed that BMP-4 regulates
he proximal–distal morphogenesis and cytodifferentiation
FIG. 9. Histological analysis of recombinants of the tracheal epit
(E–G) Normal developing air sac at day 9 of incubation. (A) Section
of (A). (C) Section of the tissue with constriction in intermediate
thoracic air sac at day 9 of incubation. (F) High magnification of the
region of the air sac in E. (H, I) Chick–quail chimera analysis. The
pulmonary mesenchyme was prepared from chick embryos. The tr
mesenchyme. Only chick pulmonary mesenchyme was stained by A22
mesenchyme and the ventral pulmonary mesenchyme. Abbreviations:
Copyright © 2000 by Academic Press. All rightn the mouse lung development (Bellusci et al., 1996;
eaver et al., 1999). The timing of the appearance of Bmp-2
ranscripts seems to be simultaneous with the acquisition
f the ability to induce branching (Spooner and Wessels,
970). In addition, Bmp-2 transcripts were detected in the
esenchyme around the region which would give rise to
he entobronchus (Fig. 3D; arrowhead). In contrast to chick,
ouse Bmp-2 is not expressed in the lung. This difference
ndicates that cooperative action of BMP-2 and BMP-4 in
ung development is unique to chick.
Although Bmp-2 and Bmp-4 showed discrete expression
domains in the pulmonary mesenchyme, both signals may
be received through the common receptors, BMPR-1A and
-1B. In the chick lung, Bmp-2 and Bmp-4 exhibit the nested
xpression pattern as found in the limb (Yokouchi et al.,
996). There would be two possibilities for the role of the
ested expression of functionally related genes. First, the
ualitative difference between BMP-2 and BMP-4 may ac-
ivate the region-specific signaling pathways. For example,
MP-2 and BMP-4 proteins have different effects on limb
ud morphogenesis (Niswander and Martin, 1993). Second,
he quantitative differences generated by the additive ef-
ects of BMP-2 or BMP-4 result in activation of the region-
pecific signaling pathway that is crucial for the bronchial
ree development. For example, BMP-2 and BMP-4 show
oncentration-dependent effects on early dorsoventral pat-
erning (Sasai et al., 1995) and mesoderm subdivision
Tonegawa et al., 1997). In either mechanism, BMP-2 is
ttributed to the action that is specific for the dorsal
ulmonary mesenchyme.
Expression of Wnt-5a and Wnt-11 in the Tracheal
Mesenchyme
In the many aspects of vertebrate development, the Wnt
genes exhibit discrete expression domains preceding the
appearance of the morphological subdivisions and regulate
regional morphogenesis (reviewed by Moon et al., 1997).
Therefore it is reasonable that the Wnt genes may also
regulate regional morphogenesis during respiratory system
development.
In the developing respiratory system, Wnt-5a and Wnt-11
re expressed in the tracheal mesenchyme (Fig. 4). Wnt-5a
nd Wnt-11 transcripts were first detected in the tracheal
esenchyme after 3 days of incubation. At this stage, the
racheal rudiment, the laryngotracheal groove, opens to the
m and the ventral pulmonary mesenchyme. (A–D) Recombinants.
tissue expanding uniformly like a balloon. (B) High magnification
ns. (D) High magnification of (C). (E) Cross section of the cranial
imal region of the air sac in E. (G) High magnification of the distal
heal epithelium was prepared from quail embryos and the ventral
l epithelium was recombined partially with the dorsal pulmonaryheliu
of the
regio
prox
trac
achea
3 antibody. The arrow indicates the border between the tracheal
c, cartilage; e, epithelium; sm, smooth muscle.
s of reproduction in any form reserved.
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26 Sakiyama, Yokouchi, and Kuroiwaesophagus. Although the tracheal rudiment and the esoph-
agus are still morphologically indistinguishable at this
stage, they are already divided at the gene expression level.
TTF-1 expression is restricted to the ventral endoderm of
the tracheoesophageal region and functions in separating
the trachea and the esophagus (Minoo et al., 1999). Both
Wnt-5a and Wnt-11 expressions were confined to the mes-
enchyme of laryngotracheal groove and were absent from
the dorsal region which would form the esophagus. There-
fore, Wnt-5a and Wnt-11 may be related to the process of
the separation between the trachea and the esophagus.
The tracheal mesenchyme differentiates into both the
tracheal cartilage and the muscle layer and proliferates
actively accompanied by growth (Romanoff, 1960) and has
inhibitory effects on epithelial branching morphogenesis
(Wessells, 1970). Considering the spatiotemporal expres-
sion profile of Wnt-5a and Wnt-11 in the respiratory sys-
tem, it is possible that WNT-5a and WNT-11 are involved
in cytodifferentiation and proliferation in the tracheal mes-
enchyme and function as signaling molecules which medi-
ate the inhibition of the epithelial branching process.
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